Heat pipes have immense potential in the future of thermal management in electronic devices. As a passive device, they rely solely upon capillary forces to recirculate the coolant from the condenser to the evaporator via a wicking structure. In intermediate temperature heat pipes the limiting factor for heat removal is the capillary limit, which indicates the maximum recirculation rate that the capillary forces can induce. This capillary limit must be increased to allow heat pipes to remain a viable option for heat management within electronic devices. The aim of this work is to characterize and optimize the capillary limit of micropillared thermal wicks for heat pipe application in microelectronics cooling.
INTRODUCTION
In accordance with Moore's Law, electronics have steadily increased in power while decreasing in size over the last fifty years [1, 2] . However, future technologies will need new methods for heat dissipation in electric devices to continually advance at this pace. Heat pipes are an attractive technology for the passive cooling of such electronic devices, but it has been theorized that current heat pipe technology cannot function effectively for heat fluxes exceeding 100 W cm 2 [3, 4] . The limiting factor for intermediate temperature heat pipes used in electronic cooling is the capability of the wick to return fluid to the evaporator [5] . This capillary limit occurs when the capillary pressure is less than the sum of the pressure drops due to losses in the wick, thus barring any increase in the mass flow rate through the wick.
Performance of intermediate temperature heat pipes can also be hampered by boiling phenomena. Boiling can occur at the bottom of the liquid film within the evaporator segment of the wick. The bubbles formed during this process decrease the flow area in the wick, resulting in vapor blockages of the micropillar array and a decreased recirculation rate. At high heat fluxes a phenomenon called dry-out occurs. The onset of dry-out is indicated by an increased superheat and results in no enhancement of the capillary flow rate despite added heat flux at the evaporator [6] [7] [8] . Due to the complexities accompanying boiling in the wicking structure, most heat pipe designers take measures to avoid the occurrence of boiling. This paper focuses solely on the capillary limitation of the wick.
Heat pipes have generally been examined for optimization as a whole system [9] . This approach leaves aspects of the individual component interactions incompletely explained. Isolating the wicking structure to find optimal pillar geometries and distributions can lead to a greater understanding of how to maximize heat removal in heat pipes. Recently, much attention has been focused on characterizing flow through micropillar wicking arrays, with a particular emphasis being placed on tracking initial fluid penetration distances into unwetted pillar arrays. Ishino studied the effects that varying pillar height and array spacing had on the fluid's impregnation speed [10] . Srivastava has used finite-element methods to expand on this approach, predicting penetration velocities based on COMSOL simulations and surface energy minimization techniques [11] . Nam uses capillary rate of rise experiments and numerical methods to find an effective wick permeability through hydrophilic copper microposts, which is then used to find an effective capillary pressure [12] . Xiao uses numerical methods and experimental observations to find a driving pressure force for initial penetration into an unwetted porous array, and solves a form of the Brinkman's equation to find the viscous losses [13] . The proposed model and experimental method are intended to more closely mirror conditions for wicking structures in heat pipes, where continuous flow through wetted pillar arrays occurs because an applied heat flux at one end of the wicking structure is evaporating the liquid. Rather than focusing on initial penetration distances, the thermo-hydraulic test platform allows the direct measurement of the effective heat load capacity of a given wicking structure.
Isolation of the wicking geometry will occur both analytically and experimentally in this study. The aim of the analytical model is to investigate the forces driving the capillary flow using an ab initio approach. Utilizing this approach avoids the use of the empirically determined permeability information required for Darcy's Flow law. Validation of this model will be accomplished through the use of an original experimental set up that allows for control of the wick conditions as well as the test environment. Normalizing the test conditions further isolates the individual geometric differences between the wicks. 
NOMENCLATURE

Capillary Limit Model
The capillary limit model predicts the maximum mass flow rate through a homogenous array of micropillars using a balance between capillary pressure, gravitational forces, and viscous losses. For the pillar geometry shown in Fig. 1 , the Laplace driving pressure can be expressed as [14] :
The effective contact angle is influenced by the geometry of the rough surface, and is larger than the intrinsic contact angle between the fluid and smooth solid [15] . Bico has derived an equation determining the contact angle for hydrophilic surfaces using the solid fraction of dry area and solid roughness of the structure [16] . For a composite surface consisting of the pillars and the surrounding substrate, the fraction of dry area is found by dividing the dry pillar top area by the wetted pillar sides and the substrate. The surface roughness is found from the ratio of the actual surface area to the projected area. The contact angle then depends on the pillar spacing, height, and diameter. The balancing losses can be derived from the general twodimensional Navier-Stokes equations. Due to the low Reynolds number of the flow, entrance effects are neglected, and the momentum equilibrium yields:
In steady-state conditions, the volumetric flow rate is constant over the portion of the wick removed from the heat source. As the fluid evaporates out of the wicking structure near the heat source, the flow rate will decrease. In the evaporative region, this model assumes that the flow remains at the constant height of the pillars while decreasing in velocity to account for the evaporated mass. A constant fluid evaporative rate per unit length of the wick,Q evap is found by dividing the total entering volumetric flow rate by the length of wick in which evaporation occurs. Although there are actual variations in the rate of evaporation, this first order approximation gives insight into for the decreasing viscous stresses associated with the decreased liquid flow rate. From conservation of mass analysis, the volumetric flow rate along the wick is given by:
Here, x e is the distance from the initiation of evaporation on the wick and Q NE is the incoming flow rate from the non-evaporative region. As Fig. 2 shows, there are two distinct regions of the pillar structures with different boundary conditions. In Region
FIGURE 2: REGIONS A AND B AND THEIR VELOCITY PROFILES
A, the liquid only experiences viscous losses from the wick substrate, while in Region B the fluid is also constrained by pillars on each side. Region A is modeled similarly to forced flow between infinite parallel plates, and the pressure drop over one Region A section is [17] :
The pillars constraining the liquid in Region B are treated as flat plates, modeling the flow similarly to forced flow through half of a rectangular duct. Though this approximation ignores the two-dimensional effects of flow around a submerged cylinder, the Stokes flow conditions prevalent in these tests indicates this approximation gives reasonably accurate results for low-speed flow interactions with the curved surfaces. The velocity distribution is then governed by a partial differential equation that can be solved using a separation of variables technique that yields a Fourier series expression for the pressure drop [17] . The Fourier series solution was nondimensionalized and graphed such that a linear relationship between the nondimensionalized flow rates and the pillar aspect ratio could be found. Using this solution in the momentum equation yields a pressure drop over Region B of: To find the pressure drop over the entire evaporative region of the wick, the pressure drop over a given segment consisting of adjacent Regions A and B is first calculated. The pressure drop over this segment varies with the segment's location on the wick. Integrating these segmented pressure drop over the number of segments in the evaporative region produces the evaporative region pressure drop. The pressure drop in the nonevaporative region can be evaluated using the same method whereQ evap is 0. The summation of these pressure drops is equivalent to the Laplace pressure at the maximum flowrate. Incorporating the width of the wick and the packing density of the micropillars allows the capillary limitation of the mass flow rate to be calculated as:
This mass flow rate ultimately implies the maximum heat load capability of the wick, since the latent heat of vaporization is the primary method of heat removal.
THERMO-HYDRAULIC EXPERIMENTAL SETUP Measurement of Thermal Flux
Sample wicks, such as the one shown in Fig. ( 3) , were fabricated at the Center for Nano and Molecular Science and Technology (CNM) of the University of Texas at Austin using photolithography and deep reactive ion etching (DRIE) to create homogeneous arrays of micropillars on the surface of silicon wafers. Wicks were fabricated containing pillars with diameters of 30µm, heights of 40µm, and spacings of 120µm and 160µm.
A thermo-hydraulic experimental setup was designed and constructed to validate the proposed analytical model. This setup allowed for the measurement of capillary flow through the wicking media and control of the heat load supplied to the evaporator. A chamber was designed for the purpose of housing the setup to allow precise control of both the temperature and relative humidity for the test environment.
Temperature within the chamber was controlled using adhesive film heaters to raise the temperature of the metal walls and finned resistance heaters were utilized as convection heaters for the space. Both types of heaters were controlled using a high wattage external power supply in conjunction with a PID controller to regulate the chamber temperature to a consistent 30 • C.
Control of the relative humidity was accomplished using separate air inlet lines, one for dry air and another for saturated water vapor. Once inside the chamber the dry and humid air mixed to establish the desirable relative humidity. LabVIEW was used to construct a control program to regulate the humidity level inside of the chamber via the flow controls for the air lines and humidity probes located within the chamber. The feedback provided by the probes allowed the program to adjust the flow rates of the inlet lines to compensate for any deviation from the target of 55% relative humidity.
One end of the wick was secured to a copper block extrusion, while the central portion was left exposed and the bottom was submerged in a reservoir of distilled water as shown in Fig.( 5b) . This positioning corresponds to the evaporator, the adiabatic transport length, and the condenser regions of a heat pipe. Thermal grease was used between the wick and block to reduce contact resistance. Leaving the wick exposed to the air created an open loop system that prevented vapor saturation within the wick in addition to circulation effects encountered in a closed loop heat pipe wicking system. However, the open loop system results in natural evaporation from the water reservoir, which must be accounted for in calculating the mass flow rate of the wick.
The reservoir rested on top of a load cell, which communicated change in mass to the computer to be logged against the elapsed time of the experiment, yielding the mass flow rate. The actual mass flow for the wick was found by subtracting the natural evaporation rate observed before the start of the experiment from the mass flow recorded by the load cell. While the natural evaporation experienced at the wick did contribute to the mass flow rate registered by the load cell, by controlling both the temperature and the humidity surrounding the wick, this rate was essentially constant across all tests.
The copper block extrusion contained four 100W cartridge heaters and acted as the heat flux source. The heating block was housed in an enclosure insulated with mineral wool to direct the heat flux of the cartridge heaters through the wick-block interface to induce a mass flow through the wick. The area of the housing that surrounded the interface and the frame which secured the wick were constructed of a low-conduction machined ceramic, MACOR R . The power supplied to the heaters was controlled by a variable autotransformer. Due to the thermal mass of the copper block it was necessary to wait for the system to reach steady state at each wattage before measurements could be taken. Once steady state conditions were reached for the block heater, data samples were recorded every two or four seconds for fifteen minutes.
It was necessary to gather temperature information about the copper block, housing, reservoir, and wick. Twenty type K thermocouples were installed on different surfaces through out the system to construct a thermal map of the system. Heat loss could then be determined permitting corrections for the thermal energy dissipated through the insulation and ceramic frame. An infrared (IR) camera was utilized for gauging the temperature profile and conduction along the wick. Data acquisition for the experiments was executed using a LabVIEW VI tailored to the setup. A wattage transducer was used to convert the power supplied to the heaters to a scaled 0-10V signal which allowed LabVIEW to record the input power levels. The voltage readings from the twenty thermocouples were interfaced with the LabVIEW VI. The data recorded from the thermocouples allowed for accurate measurements of the heat flux experienced at the wick-block interface. The LabVIEW VI was also used to interface with a scaled output voltage signal from the load cell. This allowed the change in mass of the reser-voir to be recorded over time. This measurement provided the net mass flow rate of the liquid leaving the reservoir.
Plotting this adjusted change in mass as a function of the heater input power supplied a linear relationship between heat input and mass removal. This plot was used to chart when the wick deviated from linear behavior, thus signifying a limitation of the mass flow rate.
Pictures of the wicking structure were collected throughout the testing process to compliment the data collected. Images collected allow a visual aid for the behavior of the flow within the wicking structure while also serving as another check for wick dry-out.
Heat Loss Through Insulation
The function of the mineral wool insulation was to direct the heat flux provided by the cylindrical cartridge heaters through the extruded portion of the copper block toward the wick. The insulation thickness was maximized to the size constraints of the thermo-hydraulic experimental setup, but was still not thick enough to completely redirect all of the heat flux from the heaters to the wick.
To observe the thermal losses to the environment six thermocouples were placed on the main body of the copper block and six additional thermocouples were attached to the outside of the enclosure. These thermocouples provided a surface temperature profile for both the copper block and the exterior of the enclosure. Having both surface temperatures yielded the thermal gradient across the insulation to be used with a conduction model to quantify actual heat loss.
Shape factors were employed in the conduction analysis to account for losses through the edges and corners of the enclosure [18] . The heat loss from the faces, edges, and corners was summed to yield the total heat loss through the insulation.
Wick Conduction Losses
The purpose of a wicking structure in a heat pipe is to transport heat away from the evaporator. In light of this, wicks generally are very good thermal conductors to aid in this process. While beneficial for operation in a heat pipe, this conduction loss had to be accounted for in the experimental model to ensure accurate measurements were collected for the heat removed from the evaporator solely via capillary flow.
An assumption was made that air acted as an insulator to the wick, because relative to water, air acts as a poor heat transfer medium. This assumption allowed the system to be modeled as experiencing one dimensional conduction. An IR camera was employed to collect temperature profiles along the portion of the wick exposed to air. This data was then plotted as temperature as a function of distance from the water interface. The near unity value for the coefficient of determination R 2 justifies the one dimensional conduction assumption. Heat transfer from the wick 
where k is the thermal conductivity of the silicon wick obtained from literature [18, 20] , A c is the cross-sectional area of the wick, dT dx is the temperature distribution deduced from the slope of the linear fit seen in Fig.( 8) .
Corrected Thermal Flux through the Wick
The actual heat dissipated by the wick was found by combining the power input to the heaters with the heat losses for the system. The result was the heat that actually worked to evaporate the water within the wicking structure, found by the equation:
where q evap was the net heat dissipated by the wick, q measured was the power input to the heaters recorded by LabVIEW, q insulation was the totaled heat loss through the insulation, and q wick was the heat loss by means of conduction along the wick. The heat flux exerted on the wick was calculated by dividing the total heat applied to the wick-block interface by the contact area.
Where q evap is the heat flux through the wick and A sur f ,wick is the surface area of the wick in contact with the face of the copper heating block. All of q evap goes into vaporizing the water within the exposed portion of the wick.
RESULTS
Two wicking geometries were tested using this setup. Both geometries used pillars with a height of 20µm and diameter of 30µm, but the spacing was varied, with one wick having 120µm spacing and one with 160µm spacing. As seen in Fig.( 9) , the experimental results correlated well with predictions by the analytical model. When the capillary limit is reached, the transition from convective heat transfer to conductive heat transfer through the wick is apparent. The capillary limit model predicts a slightly higher maximum flow rate than was seen in tests. The assumption of a constant evaporation rate per unit length of the wick with a constant liquid height results in a smaller driving pressure requirement than that required if the height of the liquid was decreasing to account for the evaporated mass. This smaller required Laplace pressure results in a larger predicted mass flow rate.
CONCLUSIONS
This paper presented a robust analytical model for the simulation of capillary flows through an array of micropillars etched on an everted wick. Additionally, a novel test setup was developed allowing for the increased isolation of the test wick, thus normalizing test conditions between wicks and improving overall results. The experimental data collected was shown to correspond well to the proposed model for the prediction of the capillary limit in micropillar array heat pipe wicks. 
